We present the results of an analysis of global lateral variations in anelasticity of the upper mantle, as measured from very long period Rayleigh waves observed on the GEOSCOPE network. Four consecutive wave trains are used on each record to eliminate uncertainty on the amplitude at the source and to take into account, in a linear manner, focussing effects due to lateral variations in elastic parameters. Local estimates of attenuation are obtained using an inversion method based on the introduction of a correlation length, as an alternative to spherical harmonics expansion. Comparison of phase velocity and attenuation maps obtained at various periods shows a strong correlation of high-Q and high-velocity regions (respectively low Q and low velocity) both for great circle and minor arc data, at periods around 200 s. The detailed analysis of the degree 2 pattern, well resolved in the attenuation maps around this period, shows that it originates in the depth range 250-500 km and indicates that of the upper mantle degree 2 pattern observed in shear velocity is likely to be of thermal origin, possibly related to the topmost part of the large-scale convective system. Corrections for dispersion due to anelastic attenuation in degree 2 lead to significant decrease of corresponding lateral variations in shear velocity and a better agreement in phase and amplitude of the upper mantle degree 2 pattern with that observed in the geoid. This study shows that it is important to consider correcting presently available upper mantle tomographic models for the effects of intrinsic attenuation at long periods, before performing any comparison with short-period data or other geophysical parameters. However, measurement of attenuation is known to be difficult, also at long periods, since amplitudes of surface waves are strongly affected by lateral heterogeneity in velocity, which produces focussing and defocussing effects whose behavior can be quite nonlinear [e.g., Lay and Kanamori, 1985] . It is therefore a delicate problem to separate intrinsic attenuation effects from the effects of scattering and focussing. Some theoretical progress has been made in recent years in order to quantify better the contri-11,051
INTRODUCTION

Several global three-dimensional (3-D) models of upper mantle shear velocity structure have been obtained in recent years, based on the analysis of long-period surface waves from increasingly numerous digital stations [Woodhouse and
; Montagnet and Tanimoto, 1990] . While these models differ in detail, they show several consistent features, in particular a strong correlation of the velocity distribution with surface tectonic features in the upper 250 km of the mantle and a dominant degree 2 pattern below that depth. This striking degree 2 pattern was first described in a study of fundamental spheroidal mode peak shifts by Masters et al. [ 1982] , who interpreted it as originating in the upper mantle transition zone (400-670 km).
The 3-D studies of the upper mantle mentioned above gave us information on the elastic structure of the Earth and were all based on the assumption that the effect of lateral variations in anelastic attenuation, as measured by the quality factor Q, could be neglected, and a spherically symmetric preassigned Q model of the upper mantle was considered in the studies based on waveform inversion. in these papers, using here a more complete data set and a different, propagating wave approach. We also present maps of lateral variations in 1/Q as obtained from measurements of minor arc attenuation and their comparison with minor arc phase velocity maps. We attempt to take effects of focussing into account in a simple empirical manner based on the prediction from ray theory and compare the results with those obtained when ignoring these effects. We then discuss in more detail the depth extent of the degree 2 lateral variations in Q obtained and possible consequences for our understanding of the upper mantle models, in the framework of an absorption band model of anelasticity.
DATA SET AND DATA PROCESSING METHOD
We have selected 130 very long period vertical component records from the GEOSCOPE network, which are sampled continuously at 0.1 sample/s. For reasons which will become clear below, we have considered only records from large (M s > 6.7), predominantly shallow events, for which the first four consecutive Rayleigh wave trains showed reasonable signal to noise ratio in the period range 100-400 s. The list of events used is given in Table 1 . One advantage of using GEOSCOPE data, and the main reason why we relied only on data from this network, is that the large dynamic range of the instruments permits to record on scale, and without distortion, first arriving trains for events of magnitude greater than 7.5 at teleseismic distances. This was indeed verified, as we scanned the data set, except for a few records obtained at the beginning of the operation time of the network (1983) (1984) , when the dynamic range was limited by that of a temporary recording system. Most of our records were thus chosen in the later period of operation of the network, when data from at least five and in general more than 10 stations could be used for the same event.
For each record, each individual wave train was filtered by a variable filtering technique, which does not significantly distort the amplitude [Cara, 1973; Roult and Romanowicz, 1984] , in order to extract the fundamental mode branch in as wide as possible a frequency range. This procedure is necessary to remove contributions from higher modes and separate the later arriving trains R3 and R4 from one another at the longest periods. Records for which R3 or R4 appeared too much contaminated by higher modes were not considered. This already resulted in a severe selection of data. An additional selection was imposed, after Fourier transforming the data to obtain phase and amplitude spectra, by discarding records corresponding to propagation in a direction far from that of maximum energy radiation and thus more sensitive to uncertainties in the source parameters and to off-path propagation effects. More specifically, we applied the following criterium: phase velocities were determined for the R1 and R2 trains, using two different sets of source parameters, and only those records were kept for which the phase velocities obtained using both solutions differed by less than 0.5% in the period range considered. As for the solutions, we used the centroid moment tensor (CMT) determination , on the one hand, and our own moment tensor solution on the other, obtained by inversion of very long period Rayleigh waves, using the method described by Romanowicz and Guillemant [1984] and Romanowicz and Monfret [1986] . In the few cases in which we did not have a reliable solution by the latter method, for the second solution we used the moment tensor solution from body waves (MT) as reported in the Preliminary Determination of Epicenters (PDE) bulletins [Sipkin, 1982] . The drawback of using the latter is that no estimate of the centroid time is given, which is an important parameter in phase velocity determinations, especially for the size of earthquakes considered. This selection serves tw6 purposes: first, it leads to more accurate phase velocity determinations on minor arcs, which is a by-product of our study; as for the amplitudes, although we are able to eliminate point source effects by using four consecutive wave trains, as will be shown below, still we expect the effects of scattering and multipathing to be relatively stronger for near nodal paths, where the signal to noise ratio is poorer. Figure 1 shows the coverage of Earth obtained with the selected records. We note that it is much improved with respect to previous global attenuation studies of mantle waves.
Finally, we performed a last selection whose goal was to eliminate the frequency band, in each record, which would be clearly affected by either higher-order off-path effects or contamination by higher modes. This selection consisted in comparing great circle phase velocities obtained for waves travelling in opposite directions. For this we compared phase velocities measured between R1 and R3 on the one hand, R2 and R4 on the other, and discarded, for each record, the period ranges in which the difference was greater than 0.5%. In general, this affected only the longest periods (T > 320 s) and the shortest periods (T < 120 s), and very few data had to be eliminated at this point in the middle period range. Figure 2 shows an example of amplitude spectra for the R1 to R4 trains from one record. The portions of filtered wave trains from which the amplitude spectra originate are Separating effects of intrinsic attenuation from those of focussing due to lateral velocity variations is a difficult problem that has been ignored in the past and can only now start to be addressed owing to our progressively improving theoretical understanding. There can be two different approaches to this problem. The first is to try to correct for focussing effects directly, using higher-order amplitude calculations, either in the framework of ray theory [Woodhouse and Wong, 1986; Romanowicz, 1987] On the other hand, it is possible to try and correct for focussing effects without a priori assuming that the 3-D velocity model is well known, using an empirical approach based on the predictions of ray theory. The restriction is that it implies that the underlying structure is sufficiently smooth for ray theory to be valid, and therefore this can only be considered as a first step toward correctly accounting for focussing effects.
According to the results of ray theory [Woodhouse and Wong, 1986] We see that log A s and 8F 1 are always combined and cannot be separated, but the linear system of four equations in the four unknowns 'q l, 'qg, 8Fe, and (log As + •JFi) has a nonzero determinant; therefore it can be solved for each seismogram to obtain estimates of attenuation along the minor arc, attenuation on the great circle path, as well as the average great circle focussing effect.
If we set focussing effects to zero, equations (5) become an overdetermined system which can be solved for attenuation terms alone. In what follows, we will compare results obtained under the assumption of "no focussing" and under the assumption that focussing can be described as in equations (5). We note here that the use of at least three consecutive trains allows us to eliminate the error on the source amplitude (at least under the assumption of a point source). This is an important point, since this type of error can be very large and since we discard near-nodal paths Table 2 gives a list of the correlation coefficients obtained by shifting one map with respect to the other by steps of 10 ø in longitude. The correlation is good for a zero shift but best when the local frequency map is shifted by 30 ø to the east compared to the attenuation map. This is in good agreement with the observations. We shall see in section 5 that we do not expect the correlation between these observations to be much higher, if it originates in a layer localized in depth.
Minor Arc Averages
In We have not been able, as yet, to find any pure paths in a region of high Q in Plate 2 to assess the validity of the amplitudes in such regions. We can nevertheless discuss our results in the light of previous studies. In his global Q study by regionalization according to tectonic province, Nakanishi correspondence with the well-documented degree 2 seen in velocity maps, it is worthwhile to examine this point in more detail. We have thus performed a spherical harmonics expansion of the great circle average Q data up to degree 2 and 4 and analyzed the variation with period of the degree 2 coefficients. As mentioned earlier, before expanding into spherical harmonics, we have taken averages corresponding to great circles whose poles fell inside 5 ø by 5 ø "squares," 13b ). We note that the best resolved component, which gives its shape to the power in degree 2 distribution in Figure 12 , is the S22 component. This is in agreement with our previous free oscillation results and is also strikingly reminiscent of the results of the degree 2 expansion of fundamental spheroidal mode frequency shifts, for which the variation with frequency of the degree 2 coefficients is given in Figure 14 for reference. We note that S22 has a peak at about the same period both in the case of 1/O and in the case of &o/to. On the other hand, the C22 component is much weaker and poorly resolved in the attenuation data. Since the relative amplitude of the C22 and S22 terms determines the position of peaks and zeroes in longitude of the degree 2 pattern in the maps of A question which arises immediately is whether the degree 2 found in the Q maps could be an artifact due to the data processing procedure or some incorrect way of handling how lateral heterogeneities in velocity and anelasticity interact in the seismogram, overlooked in the linear theory underlying this study. We believe the data processing is not a problem. Some doubts as to the variable filtering procedure introducing distortion in the amplitudes have been discarded by going through the entire process again using raw data. We have found extremely consistent results, both for the great circle and the minor arc maps, particularly so at periods near 200 s. This procedure has also allowed us to judge the stability of our minor arc inversions when removing a number of data of the cells, the temperature distribution is nearly constant and varies rapidly only in the vicinity of rising and sinking plumes, causing the spectral content of the spatial distribution of the temperature to be rich in higher-order harmonics for horizontal cross sections at midheight within the cell. On the contrary [e.g., Jarvis, 1985] , in the boundary layers and their immediate vicinity, the spectrum shifts to very low harmonics, since the temperature has smooth lateral variations within such layers. The strong degree 2 which we observe in the attenuation of long-period Rayleigh waves and which explains as much as 35% of the variance in the data at a period of 200 s is reminiscent of the thermal structure of a large-scale convective system in which we would be sampling the upper boundary layer and for which the thermal structure would be relatively well resolved by our smooth models because of its intrinsic lack of higher harmonics. This layer is located somewhat below the lithosphere and the bottom of the low-velocity zone as classically defined based on short-period measurements. We also note that both the power spectrum and the variance reduction curve in Figures 11 and 12 present a second peak at a [Birch, 1961] , there is no corresponding information at low frequencies. It seems to us that under these circumstances, the most correct procedure would presently be first to correct the upper mantle velocity models to a reference frequency outside of the absoftion band before assuming a laterally constant conversion factor to other geophysical parameters such as density. We can estimate the corrections to be applied by assuming that the band limited intrinsic attenuation model with relatively constant low Q for periods above 1-10 s and much higher Q at higher frequencies is a good approximation to the real situation in the Earth. The dispersion correction due to attenuation, at angular frequency •o, is then of the form We will further note that the ratio S22/C22 after the correction is in much better agreement with the same ratio for the observed geoid, which is of the order of -0.5 [Reigber et al., 1985 ], leading to a better alignment of the degree 2 patterns in the observed geoid and that inferred from the upper mantle velocity maps. It is clear that the amplitudes of the corrections presented here cannot be considered at face value' a choice of a reference period of 10 s would, for example, reduce the corrections by half, and we are not certain that the law used to perform the corrections is totally realistic. The point we wish to make, however, is that careful consideration of lateral variations in upper mantle attenuation could affect the presently inferred relation between the observed geoid and the upper mantle seismic models. The upper mantle velocity models are known to be, to some extent, positively correlated to the geoid, but the preferred contributor to the geoid in the upper mantle is by far the subduction zone model [Hager, 1984] . This is mainly attributed to the weak response function for a dynamic earth in the upper mantle, and indeed it has been found that the longest wavelengths of the geoid can be well explained by lower mantle models [Richards and Hager, 1988; Ricard, 1985 This study also shows that it is important to try to obtain 3-D anelastic models of the upper mantle with the same resolution as the presently available shear velocity models, since potentially large dispersion corrections will then have to be applied, in order to allow better comparison with short-period models as well as other geophysical parameters such as the geoid. This could lead to increased constraints on the physical properties of the mantle and their lateral variations. Present upper mantle models probably give excess low velocities in hot upwelling regions with high attenuation, shifting the low degree pattern of lateral variations with respect to that of the geoid and the subduction zone model. A better approach for future upper mantle tomographic studies will be to invert simultaneously for lateral variations in seismic velocity and attenuation. For this, we also need to make some progress in understanding the frequency dependence of anelasticity.
